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Un poquito acerca de mi
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• Nací y crecí en Venezuela, obtuve la licenciatura y posterior maestría en la Universidad de 
los Andes (Merida-Venezuela)

• Vine a USA en donde realice un doctorado en física y recibí el título de doctora en la 
Universidad de Minnesota en el 2013

• Actualmente soy post-doc en Fermilab desde Julio del 2013 y trabajo en el área de 
neutrinos en el experimento MINERvA
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Fermilab

• Fermilab tiene la fábrica de neutrinos más poderosa del mundo!
• Líderes en aceleradores y tecnología de detectores
• Centro internacional para la investigación de la física de partículas!
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America’s  
particle physics  
and  
accelerator  
laboratory 
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¿De donde se originan los neutrinos? 

¿Porqué son importantes? 

¿Qué conocimiento nos proporciona el 
estudio de neutrinos?

¿Qué son los neutrinos?
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¿Qué nos rodea?

• Todo lo que vemos a nuestro alrededor esta hecho de:
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Protones Neutrones y electrones

22

Why Study Neutinos?

Neutinos can provide answers t some 
of te biggest puzzles in te Universe!

….. fom te stucture of te Atm t te formaton of a Star!

Flavors 

= 

types
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Principalmente de protones, neutrones y electrones

¿Que otras partículas?
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¿De qué esta hecho el Universo?
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Everything'we'see'around'us'is'made'of'only'three'par7cles:'
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• 6 quarks, 6 leptones, el bosón de Higgs y 
diferentes interacciones fundamentales

The Standard Model
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Te Standard Model of Elementary partcles

Who can explain tis t me?

• Leptones: electrón, muón, tau y neutrinos
• Neutrinos: Conocemos 3 tipos νe, νμ y ν𝝉
• No tienen carga eléctrica
• Las partículas pueden interactuar de 

diferentes maneras: Fuerte, 
electromagnética, débil y gravitacional
• Neutrinos ==> interacción débil

Modelo Estándar de la física de partículas

Protón: p(uud) 
Neutrón: n(ddu)
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• ¿Está completo el Modelo Estándar?
• Los neutrinos en el Modelo Estándar no tienen masa
• Sin embargo la diferencia entre las masas de los neutrinos ha sido medida y 

resulta que es mucho mas pequeña que la masa de las otras partículas

8

13

Te Standard Model of Elementary partcles

Who can explain tis t me?

• Teoría que describe la estructura 
fundamental de la materia y las 
interacciones fundamentales
• Todo lo que conocemos esta hecho de 

materia 
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Neutrinos in the Standard Model

• Three flavor states νe, νμ, ντ 
• Interact weakly

• No electric charge

• Spin 1/2 particles

• Beyond the Standard Model

• Neutrino mass leads to oscillations
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Neutrinos in the Standard Model

➢ Standard Model
● Neutrinos are massless
● Three flavor states:

n
en
µn
t

● Interact weakly
● No electric charge
● Spin ½ particles

Beyond the Standard Model

●  Neutrinos have mass 
●  Neutrino mass leads to oscillations
●  Neutrinos can be either Dirac or Majorana

Modelo Estándar de la física de partículas

https://es.wikipedia.org/wiki/Materia
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Los neutrinos tienen masa 
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André de Gouvêa Northwestern

NEUTRINOS

HAVE MASS
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So What?

April 27, 2016 ⌫ World
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Te Standard Model of Elementary partcles

Who can explain tis t me?• ¿Porqué hay tanta diferencia entre la masa 
de los neutrinos y la masa de los quarks?
• ¿Cuál es la masa absoluta del neutrino?
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• La industria farmacéutica usa rayos X creados por acelerador de partículas para 
desarrollar medicinas y curar enfermedades
• Tratamientos del cancer con protones                                                                                                                        
• Tomografías…
• Implantes médicos con haz de electrones
• Microondas!

• Sensores y sistemas de seguridad

¿Que Aplicaciones tienen las partículas?
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Center

Center
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• Los Físicos crearon la teoría de la gran explosión que dice que se crearon 
cantidades iguales de materia y antimateria  
• Cuando se encuentran materia y                                              a                                                                 

antimateria se aniquilan 

• Pero de alguna manera estamos todavía aquí hechos de materia
•  y la antimateria?
• ¿Cómo es que existimos?
• Neutrinos podrían ayudar a explicar por qué el universo tiene más materia que 

antimateria.

¿Cuál es la simetría entre materia and antimateria?
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Neutrinos are very very very light  

Why?  

How is it  
that we exist, 
anyway? 
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• Radiactividad: Núcleo emite partículas debido a la inestabilidad nuclear
• Cuando se estaba estudiando el decaimiento beta, la energía no parecía 

conservarse?
- Sabemos que la energía siempre se conserva
- Energía ni se crea ni se destruye sólo puede transformarse en una forma diferente

- En 1930, Pauli postuló la existencia del neutrino

¿Cómo se descubrieron los neutrinos?
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W. Pauli

1930 - Pauli posits the neutrino as 
an solution to an unexpected β 
decay spectrum.



Minerba Betancourt

55

Te discovery of ant-neutino (1956)
Reines & Cowan

● Artfcialy produced neutinos
fom nuclear reactrs

– emits around 10 tilion ant-
neutinos per cm2 per sec – a lot!

● Inverse Beta decay

1995 noble prize

1⇤⌦� ⇧⇥�

⌅� ✓4�⌦⇢ ⇧✓�⇥ positron

neutron

p

Charge conservaton results
in emission of an n and e+

Descubrimiento del Anti-Neutrino (1956)
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• Estudiando neutrinos producidos con reactores nucleares
- Emiten alrededor 10 trillones anti-neutrinos por cm2/s 
• Decaimiento beta inverso                                               
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Te discovery of ant-neutino (1956)
Reines & Cowan

● Artfcialy produced neutinos
fom nuclear reactrs

– emits around 10 tilion ant-
neutinos per cm2 per sec – a lot!

● Inverse Beta decay

1995 noble prize

1⇤⌦� ⇧⇥�

⌅� ✓4�⌦⇢ ⇧✓�⇥ positron

neutron

p

Charge conservaton results
in emission of an n and e+

⌫̄e + p ! e+ + n

2002 Nobel Prize
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• En 1988 el muón neutrino fue descubierto en Laboratorio Nacional de Berkeley

• En 2000, el tercer neutrino (neutrino tau) fue descubierto en un experimento 
llamado DONUT (¡Aquí en Fermilab!).

Neutrinos Muón y Tau
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Te discovery of more neutino tpes

● In 1988 anoter tpe of neutino was discovered at BNL – muon neutino 
● 70 years aftr Pauli's idea, in 2000, anoter tpe neutino was discovered at

Fermilab caled “tau” neutino 

e   μ   τ

● Every charged partcle is accompanied by a
neutal cousin – rules of Standard Model 

• Is the standard model complete?
• Neutrino in the Standard Model has no mass
• However neutrino mass has been observed, and it is much smaller than all other 

particles 
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Te Standard Model of Elementary partcles

Who can explain tis t me?

• Theory about fundamental ingredients of 
matter and how they interact with each 
other
• Everything known in this world is made of 

these (and the mirror images)

The Standard Model of Elementary Particles
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Neutrinos in the Standard Model

• Three flavor states νe, νμ, ντ 
• Interact weakly

• No electric charge

• Spin 1/2 particles

• Beyond the Standard Model

• Neutrino mass leads to oscillations
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¿Donde se producen los neutrinos?
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Rayo cósmico

Molécula de airep

Algunos son producidos en el Sol Otros se producen en la atmósfera 

νe   
νe νe 

νe νe νe  
νe νe νe νe
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Datos Interesantes sobre los neutrinos
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• Alrededor de 100 trillones de neutrinos pasan a través de nuestro cuerpo cada 
segundo sin interactuar con las otras partículas en el cuerpo

• Neutrinos interactúan muy, muy, muy débilmente 
- Un neutrino puede pasar a través de un año luz de plomo sin interactuar
• Neutrinos podrían dar respuestas a algunas de las preguntas más importantes en el 

universo
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Working on my 
neutrino tan 

2 sec.    3,400,000,000,000 

4 sec.    6,800,000,000,000 

6 sec.   10,200,000,000,000 

8 sec.   13,600,000,000,000 

10 sec.  17,000,000,000,000 !! 

2in'x'2in'square'

0 sec.                  0 

How many neutrinos in 10 seconds? 
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El problema con los Neutrinos Solares (1968)
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• Reacciones nucleares en el núcleo del sol producen νe
• En 1968, el experimento de HomeStake de Ray Davis midio                                                       
νe que llega a tierra con un enorme depósito de líquido                                                          
limpiador

• Davis publicó los primeros resultados que indican que sólo 1/3 de los neutrinos fueron 

observados, es decir, el problema solar del neutrino
62

2002 Nobel Prize

60
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• Los rayos cósmicos isotrópicamente golpean a la tierra
• Científicos esperaban:

• Sin embargo, Super-Kamiokande                                                                                       
encontró

• En 1998 Super-Kamionkande                                                                                     
anunció el descubriendo de                                                                                           
oscilación de neutrinos 

La Anomalia de los neutrinos que  se producen en la atmósfera

18

primary cosmic ray

air molecule
p

�⌫µ(Up)

�⌫µ(Down)
= 1

�⌫µ(Up)

�⌫µ(Down)
= 0.54± 0.04
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“por el descubrimiento de las 
oscilaciones del neutrino, que 

demuestran que los neutrinos tienen 
masa”

Premio Nobel en Física 2015
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• Existe una probabilidad diferente de cero en detectar un neutrino diferente al que 
sé produjo en la fuente de neutrino

• Los parámetros físicos que me medimos son el ángulo y la diferencia de masa

¡Los Neutrinos se transforman de un tipo a otro cuando viajan!

20

Neutrino Oscillations
• The oscillation affects the probability that a neutrino is 

of a particular type as it travels

37

Neutrino Oscillations
This oscillation affects the probability that a neutrino is 
of  a particular type as it travels
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Important question : Can we reproduce the effect we

believe we are seeing in neutrinos from the cosmos 

here on Earth in the laboratory?

December 5, 2010Fermilab Ask-a-Scientist - Neutrinos!

Important question: Can we reproduce the effects that we’ve seen in 
neutrinos from the cosmos, here on Earth in the laboratory ?  

M. Sanchez - ISU/ANL

N E U T R I N O  O S C I L L AT I O N S  

• There is a non-zero probability of detecting a different neutrino flavor than that produced 
at the source: 
 
 

• For the two-flavor case we have one mixing angle and one mass squared difference, these 
are the physics parameters.  

• The path length and energy are experimental parameters.
17

• Since flavor eigenstates are linear combinations of the mass eigenstates:
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Queremos saber sí el neutrino es igual al antineutrino?

También investigamos cuál neutrino es el mas pesado

Realizamos medidas muy precisas de los parámetros de la                                              
teoría

Hay sólo tres neutrinos? sospechamos la existencia                                  
de un cuarto neutrino que llamamos neutrino esterile

¿Que queremos medir?

21

�m2
32

M. Sanchez - ISU/ANL

N E U T R I N O S  M A S S E S  A N D  M I X I N G

Two mass scales:  
The “atmospheric” mass scale: Δm2

32
 

The “solar” mass scale: Δm2
21

 

Large mixing angle for atmospheric 
neutrino oscillations. 
Solar neutrino oscillations are subject to 
matter effects with a non-maximal mixing 
angle. 
Third mixing angle is small and has 
been measured!  
CP violation in the lepton sector has 
NOT been measured. 
Mass ordering is NOT known for 
atmospheric neutrinos but known for 
the solar mass scale.

21

Δm2
32

Δm2
21

Experimental picture evolving quickly!

What do we know?
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¿De donde se originan los Neutrinos?

22

• Neutrinos son las partículas de materia más común en el universo
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1. PROTONS HIT CARBON. 

2. CHARGED PIONS ARE PRODUCED.

3. PIONS DECAY TO NEUTRINOS.

Carbon rod
High energy protons

How to make a neutrino beam

10

n π+ 

π+ 

K+

μ+ 

νμ 

νμ  

μ+ 

p+
p+ p+

μ+ 

νμ 

Neutrinos from the Main Injector (NuMI Beam)

11

Main Injector

p+

~1m

• Protones interactuan con carbón
• Se producen pions y kaons cargados
• Los piones y kaones decaen en neutrinos

¿Como se producen los neutrinos usando aceleradores?
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• Un haz de protones interactuan con un blanco y produce piones y kaones

• Se usan dos cavidades magnéticas con corriente que emiten un campo 
electromagnético para enfocar los piones y kaones
• Un tubo largo lleno de helio donde decaen las partículas (kaones and piones)
• El haz de neutrinos contiene νμ y un 2% de νe

¿Como se producen los neutrinos usando aceleradores? 

24

Joel Mousseau 16

The NuMI Beamline

MINERvA

● MINERvA's neutrinos are produced by the NuMI 
beamline.

● Primary beam is 120 GeV protons from the Main 
Injector.

● Protons collide with a 2 λ graphite target. Decaying 
mesons produce a beam of 98% ν

μ
.

● Modeling expected flux is difficult. Typical strategy 
is to use external data to model hadron production 
in target.

● Other in situ measurements possible from muon 
monitors, geometry runs and neutrino electron 
scattering are possible.

MINOS

NuMI
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52Joel Mousseau

Medium Energy

●Motivation

●Experiment

●Reconstruction

●CCInclusive

●CCDIS

●Medium E

●Conclusions

Energía de los neutrinos

25

• La posición de blanco y la cavidad se puede mover para producir diferente haz de 
neutrinos

Un logro nuevo para el acelerador de 
Fermilab 
El 24 de Enero el acelerador alcanzó un 
haz de protones de 700-kilowatt  
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Otro haz de neutrinos!

26

73

Aachen, Jan 13, 
2015

Anne Schukraft, Fermilab 73

Main Injector (NuMi)
Circumference: 3.3km

Proton Energy: 120 GeV

Te Fermilab Neutino Complex

Fermilab produces two neutrino beams through this complex 

Linac
Length: 150m

Proton Energy: 400 MeV

Booster (BNB)
Circumference: 468m
Proton Energy: 8 GeV
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• Usamos detectores hechos de carbón, hierro y argón

 Experimentos de Neutrinos en el Fermilab

27

Minerba Betancourt I The MINERvA Experiment 02/05/15

Neutrino Experiments

• Introduction
• Motivation
• Overview of cross section measurements
• Charged current quasi-elastic
• Pion production
• Charge current inclusive 
• Deep inelastic 

2

5

3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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Beam
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Trigger Planes

Electromagnetic
CalorimeterDrift Chambers

Calorimeter
Front

Veto planes

x

y

z⊗

Fig. 1. A side-view of the NOMAD detector.

with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters
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3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014
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The MINERvA Experiment

5

17 mm


16.7 mm


3 different rotated plane views to 
resolve high multiplicity events 

MINOS ND magnetized

���������
����
������
�
��������
���������������	���
��������
Nuclear Inst. and Methods in Physics Research, A, Volume 743, 11 April 2014, Pages 130-159

MINERvA

NOMAD

Argonut MicroBooNE

MiniBooNE

NOvA

DUNE

Carbón
Argon liquido

4	m	
5	m	

4	
m
	

-100	kV	

Central	cathode	
with	two	2	m	dri8	regions	

E
E

MINERvA

Carbon, iron, lead, 
helium, water

ICARUS

SBND

MINOSMinerba Betancourt I The MINERvA Experiment 02/05/15

Neutrino Experiments

• Introduction
• Motivation
• Overview of cross section measurements
• Charged current quasi-elastic
• Pion production
• Charge current inclusive 
• Deep inelastic 

2

5

3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014

• Fine-grained scintillator tracker surrounded by calorimeters
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• Este experimento está hecho de aceite mineral 
• Empezó a colectar datos desde 2002

Experimento MiniBooNE
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3 The NOMAD detector

The NOMAD detector [29] consisted of an active target
of 44 drift chambers with a total fiducial mass of 2.7 tons,
located in a 0.4 Tesla dipole magnetic field as shown in
Fig. 1. The X ×Y ×Z total volume of the drift chambers
is about 300× 300 × 400 cm3.

Drift chambers [37], made of low Z material served
the dual role of a nearly isoscalar target1 for neutrino in-
teractions and of tracking medium. The average density
of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track re-
construction of better than 95% and a momentum resolu-
tion which can be approximated by the following formula
σp

p ≈ 0.05√
L

⊕ 0.008p√
L5

, where the momentum p is in GeV/c

and the track length L in m. Reconstructed tracks were
used to determine the event topology (the assignment of
tracks to vertices), to reconstruct the vertex position and
the track parameters at each vertex and, finally, to iden-
tify the vertex type (primary, secondary, etc.). A transi-
tion radiation detector (TRD) [38,39] placed at the end
of the active target was used for particle identification.
Two scintillation counter trigger planes [40] were used to
select neutrino interactions in the NOMAD active target.
A lead-glass electromagnetic calorimeter [41,42] located
downstream of the tracking region provided an energy res-
olution of 3.2%/

√

E[GeV]⊕1% for electromagnetic show-
ers and was crucial to measure the total energy flow in
neutrino interactions. In addition, an iron absorber and
a set of muon chambers located after the electromagnetic
calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater
than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of νµ’s
with an about 7% admixture of ν̄µ and less than 1% of
νe and ν̄e. More details on the beam composition can be
found in [30].

The main goal of the NOMAD experiment was the
search for neutrino oscillations in a wide band neutrino
beam from the CERN SPS [43,44]. A very good quality
of event reconstruction similar to that of bubble chamber
experiments and a large data sample collected during four
years of data taking (1995-1998) allow for detailed studies
of neutrino interactions.

3.1 Reconstruction of QEL events in the NOMAD
detector

A detailed information about the construction and perfor-
mance of the NOMAD drift chambers as well as about the
developed reconstruction algorithms is presented in [37].
Let us briefly describe some features relevant to the cur-
rent QEL analysis. The muon track is in general easily
reconstructed. However, when we study protons emitted
in the νµ QEL two-track candidates we deal with protons

1 the NOMAD active target is nearly isoscalar (nn : np =
47.56% : 52.43%) and consists mainly of Carbon; a detailed de-
scription of the drift chamber composition can be found in [37]
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with momentum well below 1 GeV/c and with emission
angle above 60 degrees. For positive particles in the up-
ward hemisphere of the NOMAD detector such conditions
mean that these particles are almost immediately making
a U-turn due to the magnetic field. There were no spe-
cial efforts invested into tuning the NOMAD reconstruc-
tion program to reconstruct this particular configuration
(which is rather difficult due to the fact that these protons
are in the 1/β2 region of ionization losses, traversing much
larger amount of material, crossing drift cells at very large
angles where the spacial resolution of the drift chambers is
considerably worse and where a large amount of multiple
hits is produced, etc.). Some of these effects are difficult
to parametrize and to simulate at the level of the detec-
tor response in the MC simulation program. Thus, the
reconstruction efficiencies for this particular configuration
of outgoing protons could be different for the simulated
events and real data.

Let us stress, however, that for protons emitted down-
wards we observed a good agreement between data and
MC.

In the current analysis it was important to disentangle
the reconstruction efficiency effects discussed above from
the effects induced by intranuclear cascade (which could
change the proton kinematics and thus introduce drastic
changes in the final results due to the efficiency mismatch
between simulated and real data). In order to get rid of an
interplay between these two effects it was crucial to choose
the region in the detector with a stable reconstruction effi-
ciency. This could be achieved by selecting νµ QEL events
where protons are emitted in the lower hemisphere of the
NOMAD detector. This approach allowed to find the best
set of parameters for description of the intranuclear cas-
cade.

The most upsteam drift chamber was used as an addi-
tional veto to remove through-going muons from neutrino
interactions upstream of the NOMAD active target. This
is crucial for the study of single track events.Minerba Betancourt/Moriond QCD 2014
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• Quasi-elastic gives the largest contributions for the signal in many oscillation 
experiment

• Early neutrino experiments used bubble chambers filled with D2 with excellent purity 
97-99%

• Modern experiments use different targets, such as carbon, iron, oxygen, liquid 
argon.. etc 

• We have more statistics, but with the heavy targets we have more nuclear effects 
which brings additional complications

• In addition purities are much lower, below 80%
• The QE selection varies from experiment to experiment, some experiments uses only 

the muon and other use the proton and muon
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Fig. 10. The θh distributions for single track νµ (left) and ν̄µ (right) samples: comparison of MC distributions (histograms)
with the real data (points with error bars).

Run 15049 Event 11514
Eν = 57.00 GeV

Q
 2

 = 0.60 GeV
 2

W
 2

 = 1.44 GeV
 2

Pt
mis

 = 0.05 GeV
Muon track: P = 56.39 GeV; θ = 0.78˚ 

Proton track: P = 1.02 GeV; θ = 52.7˚ 

Fig. 11. A typical example of data event (run 15049 event 11514) identified as νµn → µ−p in this analysis. Long track is
identified as muon, short track is assumed to be proton.

An example of the 2-track event from real data iden-
tified as νµn → µ−p is displayed in Fig. 11.
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• Neutrinos interactúan muy, muy, muy débilmente 
• Como podemos detectarlos?
- Producimos muchos neutrinos en una área definida 
- Usamos detectores grandísimos

¿Como detectamos los neutrinos?

29

Far Detector
14 Kton

895 layers 

Near Detector
0.3 Kton

214 layers 
Prototype Detector

0.22 Kton
200layers 

Experimento NOvA 
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 Experimento NOvA
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Mayly Sanchez - ISU
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Ejemplo de una interacción de neutrino en el detector de NovA

31

Mayly Sanchez - ISU

A  M U O N  N E U T R I N O  C A N D I D AT E

25

Zoomed	in	spa/ally



Minerba Betancourt

¿Donde están los detectores?

32
Dave'Schmitz'–'April'6,'2011' In'One'Ear'and'Out'the'Other…'A'Talk'About'Neutrinos' 53'

Where are all those neutrinos headed?   
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Experimentos que estudian oscilaciones de neutrinos

33

9

Long-baseline experiments: What can we learn?
● Precision measurements of mixing parametrs
● Neutinos mass hierarchy?

CP Violaton?
Neutino vs Ant-neutino oscilatons

Nova
(Ash river)

MINOS(+)
(Soudan)

DUNE
(Home Stake)

Fermilab Long-baseline
experiments

also, T2K in Asia
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Ejemplo de una interacción de neutrino muón y electrón en NovA

Cheryl Patrick, Northwestern University

Quasi-elastics at NOvA and DUNE

21

✤ Liquid argon detectors like DUNE, MicroBooNE and 
ArgoNeuT (above) have excellent charged particle resolution

✤ CC0& makes less sense now we have more information on the 
final state

O Palamara, NuInt 14

NOvA : 2GeV

DUNE 0.5-10 GeV

To reconstruct the energy, we must understand the final state

NOvA’s segmented liquid 
scintillator detector can see 
protons

R Patterson wine and cheese, NOvA ν charged-current candidate

ArgoNeuT ν quasi-elastic 

Where is the Far and Near Detector?
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Ejemplo de una interacción de neutrino en el detector de NovA
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Experimento MicroBooNE

36

Sowjanya Gollapinni (KSU)

Physics Seminar, BNL, NY
July 15, 2016

MicroBooNE: Marking a Nu era in Precision 
Neutrino Physics

41

June 2014 

Liquid Argon tst facilit (LArTF)
December 2013

TPC Inserton

Moving day

MicroBooNE instaled – December 2014

Hay sólo tres neutrinos? MicroBooNE busca neutrinos estériles!
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Ejemplos de MicroBooNE (Rayos Cósmicos)

37

95

August 2015

Fuly autmatd
Bubble Chambers

wit
energy measurement

30 years latr...look at te detail achieved!El detector de MicroBooNE esta en la superficie y detecta muchos rayos cósmicos  
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50

August 2015

Some more beautfl neutino images

Charged Curren ν
μ
 inclusive: event selecton

● Fully automated reconstruction and event selection:

   – A fully contained (1 track) + partially contained track selection (>=2 tracks)  
      with an associated reconstructed vertex

– Look for muon candidates inside the TPC fducial volume and light in      
   coincidence with the beam

– Containment and minimum length cut for the 1 track sample

● Metrics:
Purity: 60%
Acceptance x effciency: 30%

● Cosmic backgrounds challenging

Before
Selection

After
Selection

CCQE 60% 43%

RES 30% 42%

DIS 10% 14%

Ejemplos de MicroBooNE (Interaciones de Neutrinos)
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• Es un experimento diseñado para medir secciones eficaces y efectos nucleares
• MINERvA tiene varios blancos: hierro, plomo, carbono y agua

Experimento MINERvA 
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Ejemplo de MINERvA (Interacciones de Neutrinos)
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Event selection: tracks

✤ Muon track charge matched in 
MINOS as a "+

✤ No additional tracks from the vertex
✤ The ejected neutron may scatter, 

leaving an energy deposit, but it does 
not make a track from the vertex

✤ Low-energy protons are allowed, but 
are below tracking threshold

28

�̄µ + p ! µ+ + n

W

p

⌫̄µ

n

µ+

MINERvA K Production Event

27

2015-02-05 Chris Marshall - University of Rochester 32

My guess: νμp→μ-K+Σ+

Strip number
Module number

Neutrino 
direction

top view

K+
μ+

μ-

n→pπ+Σ+→nπ+ 

Key 
distinguishing 

feature of kaons 
for MINERvA: 
time separation 

of kaon and 
decay products.

Here, color 
denotes hit time

Σ± --> n π±
π±

J. Wolcott / Tufts U. / NuINT 2015 6

Event display of simulated
~4 GeV ν

e
 interaction in MINERvA 

~325 MeV proton

~3.5 GeV electron

Beam direction

Event “pre-selection” (EM-enriched):
● One (or more) reconstructed track(s) 

(>85% of e± in inner detector region 
begin with track due to low-Z material)

● No obvious muons (never ν
e
):

― No tracks exiting back of detector
― No μ→e decay candidates (“Michel 

electrons”)
● Cut on multivariate PID classifier 

combining details of energy profile

Isolating ν
e
-like events

Muon 
exits 

back of 
detector

π0 photon converts 
immediately and 

looks like electron

Simulated background rejected by muon cuts

DATA$Event$

μ"candidate(

p"candidate(

π"candidate(

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�

p

Subtract the Plastic Background 
!   Predict spectrum of background using: 

 

October 11, 2013 Fermilab Seminar - MINERνA - Brian G. Tice 32 

Events	in	the	Tracker		 Geometric	Acceptance	 Reconstruc2on	Efficiency	

Found	this	event	in	
scin2llator	of	tracker	

Pretend	the	same	event	
happened	in	plas2c	background	

Module Number S
tri

p 
N

um
be

r 

Module Number S
tri

p 
N

um
be

r 

Ejemplo de MINERvA (Interacciones de Neutrinos)
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59

A long way t go...
Trying to build something that is 400 times bigger than what we have

• Para el futuro se va a construir un nuevo haz neutrinos ~2024

• Construcción de nuevos detectores

Experimento DUNE

42

  5

The DUNE Experimental Setup

● DUNE is designed to provide a broad program of:

– n oscillation physics

– n interaction physics 

– Proton decay

– Supernova physics 

– BSM physics
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Resumen

43

El haz de neutrino mas poderoso del mundo esta en el Fermilab

Si quieres estudiar neutrinos ven al Fermilab!

Neutrinos podrían ayudarnos a entender el origen del universo

America’s  
particle physics  
and  
accelerator  
laboratory 
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Some more beautfl neutino images

Minerba Betancourt I MINERvA Experiment

Selected Events in Neutrino Beam
• Event selection:	

• Muon track in MINERvA extending into MINOS	

• If second track found, it is require to be consistent with a proton	

• Michel veto 	

• Require the Q2-dependent recoil energy cut	

• QE-like: any number of nucleons, but no pions	

15

µ�

p

A Neutrino Interaction from the NOvA Experiment

23

Mayly Sanchez - ISU

A  M U O N  N E U T R I N O  C A N D I D AT E

25

Zoomed	in	spa/ally
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Gracias por venir!

Preguntas?
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